Light dependent processes are involved in the regulation of growth, development and enzyme production in Trichoderma reesei. The photoreceptors BLR1, BLR2 and ENV1 exert crucial functions in these processes. We analyzed the involvement of the transcription factor SUB1 in sexual development as well as secondary metabolism and its position in the light signaling cascade. SUB1 influences growth and in contrast to its homologue in N. crassa, SUB1 is not essential for fruiting body formation and male fertility in T. reesei, but required for female fertility. Accordingly, SUB1 is involved in the regulation of the pheromone system of T. reesei. Female sterility of mutants lacking env1 is rescued in triple mutants of blr1, blr2 and env1, but not in double mutants of these genes. Confrontation of strains lacking sub1 results in growth arrest prior to contact of the potential mating partners. This effect is at least in part due to altered secondary metabolite production. Additionally, together with BLR1 and BLR2, SUB1 is essential for spore pigmentation and transcription of pks4, and secondary metabolism is regulated by SUB1 in a light-and nutrient dependent manner. Our results hence indicate rewiring of several pathways targeted by SUB1 in T. reesei.
Introduction
Sexual development represents an important achievement in evolution and serves as a tool for adaptation by purging deleterious mutations and selection of more successful progeny (Ni et al., 2011; Heitman et al., 2013) . The decision whether to develop sexually or asexually, is in fungi usually dependent on light, albeit the preferences whether to develop sexually in light or darkness depends on the species (Debuchy et al., 2010; Bayram et al., 2016) .
The connection of secondary metabolism to developmental processes is assumed to be due to the necessity of defense against fungivorous predators (Bayram and Braus, 2012; Calvo and Cary, 2015) , but also a relevance for chemical communication on mating was shown (Bazafkan et al., 2015) .
Trichoderma reesei (syn. Hypocrea jecorina) has been isolated during the second world war in the tropics and has since become one of the most important fungi in industry for the production of homologous and heterologous proteins (Bischof et al., 2016) . Sexual development in T. reesei under laboratory conditions has been achieved only a few years ago and occurs preferentially in light (Seidl et al., 2009; Schmoll and Wang, 2016) . T. reesei is heterothallic and contains an alpha type peptide pheromone precursor gene, ppg1 and an h-type peptide pheromone precursor gene, hpp1, which comprises characteristics of a-type and alpha type pheromones and assumes a-type function (Schmoll et al., 2010b) . These peptide pheromone precursor genes form pairs with their cognate pheromone receptor genes hpr1 and hpr2, which are required for female fertility in their associated mating type (Seibel et al., 2012b) .
The major components of the light response pathway of T. reesei are the photoreceptors BLR1, BLR2 (blue light regulators 1 and 2) and ENV1 (Envoy 1), which exert broad regulatory functions in light (Castellanos et al., 2010; Tisch and Schmoll, 2013) . Like their homologues in Neurospora crassa, BLR1 and BLR2 are assumed to act as a complex (Schmoll et al., 2010a) , but there are also indications for individual functions for the two photoreceptors Tisch and Schmoll, 2013) . Moreover, there are functions in darkness in some fungi including T. reesei (Castellanos et al., 2010; Canessa et al., 2013; Tisch and Schmoll, 2013) . ENV1 is induced by light and by BLR1 and BLR2, and in contrast to its N. crassa homologue VVD (vivid), ENV1 it is essential for normal growth in light (Schmoll et al., 2005; Castellanos et al., 2010) . In contrast to VVD, ENV1 integrates oxidative stress sensing with light response in Hypocreales (Lokhandwala et al., 2015) .
BLR1 and BLR2 only play minor roles in the transcriptional regulation of the pheromone response pathway and sexual development (Seibel et al., 2012a) , although important functions were shown for their homologues in the homothallic Fusarium graminearum (Kim et al., 2015) . In contrast, deletion of env1 leads to strong upregulation of both pheromone precursor and pheromone receptor genes, and causes female sterility (Seibel et al., 2012a) . A comparable effect is not known in any other fungus. The fact that ENV1 homologues are not present in A. nidulans or Aspergillus fumigatus (Idnurm et al., 2010) indicates that light dependent regulation of sexual development follows a different mechanism in these fungi compared to T. reesei.
A. nidulans NsdD (not in sexual development D) was initially identified as a key activator of sexual fruiting (Han et al., 2001) . NsdD negatively influences conidiation (Lee et al., 2014) and binds to the promotor of the essential activator of conidiation, brlA (Lee et al., 2016) . NsdD cooperates with the velvet family protein VosA in regulation of conidiation through blrA (Lee et al., 2016) . In T. reesei, however, neither vosA nor brlA or other well known regulators of asexual development like sfgA or fluG are present in the genome (Bazafkan et al., 2015; , and the regulatory pathway leading to conidiation is not yet fully understood. Hence a different mechanism of regulation of conidiation and sexual development is to be expected.
The Botrytis cinerea homologue of NsdD, BcLTF1 contributes to virulence and is involved in the regulation of light dependent differentiation, dealing with reactive oxygen species (ROS) and secondary metabolism (Schumacher et al., 2014) . Deletion or overexpression of bcltf1 cause severe, light correlating growth phenotypes and results in the lack of sclerotia, which renders such mutants female sterile (Schumacher et al., 2014) . Mutants in the NsdD homologue Pro44 in Sordaria macrospora and Pyronema confluens also show defects in sexual development (Nowrousian et al., 2012; Traeger et al., 2013) .
In N. crassa, deletion of SUB-1 (NCU01154) was found to permit development of protoperithecia in submerged culture (Colot et al., 2006) . Its importance for light response is reflected in the finding that SUB-1 drives expression of part of the late light responsive genes in a hierarchical fashion (Chen et al., 2009) , but also non light inducible genes are among the targets of SUB-1 (Sancar et al., 2015) . Once activated by light, the white collar complex (WCC) positively influences transcript levels of sub-1 and binds to the sub-1 promotor (Chen et al., 2009; Smith et al., 2010) . However, SUB-1 does not activate transcription of light inducible genes in the absence of WCC (Sancar et al., 2015) . SUB-1 has light-independent functions even though it is itself light regulated. As sub-1 is also expressed in the dark and SUB-1 target genes are still induced by light in its absence (Chen et al., 2009; Smith et al., 2010; Wu et al., 2014) , a more complex mechanism for the function of SUB-1 warrants further investigation.
Due to the complexity of the mechanisms of light response pathways impacting sexual development, we aimed to determine the respective cascade for T. reesei. SUB1, the predicted orthologue of NsdD, SUB-1, Pro44 and BcLTF1, is essential for female fertility, regulates pheromone precursor transcript levels as well as their response to different mating partners and impacts development associated secondary metabolism. By investigation of double and multiple mutants of SUB1 and the photoreceptors BLR1, BLR2 and ENV1 we found that the function of SUB1 is dependent on the BLR complex in several but not all cases. Thereby we show that SUB1 is a crucial component in light dependent regulation of development in T. reesei and acts in coordination with the photoreceptors BLR1, BLR2 and ENV1.
Results

T. reesei SUB1 is a light regulated GATA type transcription factor
Transcriptome analysis of photoreceptor mutants of T. reesei (Tisch and Schmoll, 2013) revealed sub1 (TR_53775) as an interesting, light-and photoreceptor regulated target gene. Transcript abundance of sub1 is more than twofold decreased on lack of blr1 and blr2 in light on growth on cellulose, while unaltered in darkness. The strong upregulation of transcript levels of bcltf1 (Schumacher et al., 2014) , the B. cinerea homologue of sub1, was not seen in T. reesei, where only a moderate elevation of less than twofold was observed on growth on cellulose or glucose (Tisch and Schmoll, 2013; Stappler et al., 2017) . Phylogenetic analysis of SUB1 confirmed that it is a homologue of N. crassa SUB-1 and A. nidulans NsdD (Supporting Information Fig. S1 ). The genomic locus of sub1 in T. reesei contains a putative glutamate-cysteine ligase (TR_57430) upstream of sub1 and TR_104797 encoding a predicted glycoside hydrolase followed by gna2 (TR_2845) downstream. However, the locus is not entirely syntenic in N. crassa or A. nidulans. While the predicted glutamate-cysteine ligase in the vicinity of sub1 is conserved in N. crassa and A. nidulans, the candidate beta glucosidase (glycoside hydrolase family 3) and the G-protein alpha subunit encoding gene gna2 neighboring the sub1 locus in T. reesei are in different genomic areas in N. crassa and A. nidulans. Screening for PEST motifs that might indicate instability regions (Rechsteiner and Rogers, 1996) yielded only poor PEST motifs for SUB1 and its homologues in N. crassa, A. nidulans and B. cinerea, which are also not conserved. However, we could identify a conserved nuclear localization sequence (NLS) across all four species with KKRG in T. reesei SUB1 (Supporting Information Fig. S2 ). Numbers of phosphorylation sites vary across species (Supporting Information Fig. S2 ). We found one cAMP dependent phosphorylation site in T. reesei SUB1 (RRPS) that is conserved in B. cinerea and N. crassa. In B. cinerea and N. crassa, this phosphorylation site overlaps with a casein kinase 2 site, which is not the case in T. reesei. Another cAMP dependent phosphorylation site in T. reesei (RRST) is conserved only in B. cinerea. The casein kinase 2 site SISE in T. reesei SUB1 is the only phosphorylation site conserved in A. nidulans, N. crassa and B. cinerea as well and might, therefore, be functionally relevant. The legume lectins beta chain signature (ISVVIDS; Prosite entry PS00307) in N. crassa SUB1 is not present in T. reesei, A. nidulans or B. cinerea (Supporting Information Fig. S2 ). Proline is the most frequent amino acid in all four homologues with the highest share of 17.3% in T. reesei.
SUB1 is involved in regulation of growth on different carbon sources
Due to the functions of homologues of SUB1 in development and light response, we constructed a Dsub1 strain in a female fertile background. To evaluate the position of SUB1 in the light response cascade and its interrelationship with the photoreceptors BLR1, BLR2 and ENV1, we further created combinations of the sub1 deletion with photoreceptor deletions.
Evaluation of hyphal extension in constant light revealed the expected growth defect for Denv1 (Schmoll et al., 2005) , but also Dsub1 showed decreased growth compared to wild type (Fig. 1A, Supporting Information Figs S2, S3 and S5) . While the growth phenotype of Denv1 was largely rescued by the lack of one or both photoreceptors, this was not the case for Dsub1. Additionally, the growth defect of Denv1 is light dependent, but the retarded growth of Dsub1 is also obvious in darkness. A double mutant with Denv1 shows the Dsub1 phenotype, which is the opposite of what happens in light. Triple mutants lacking blr1, blr2 and sub1 still showed the Dsub1-phenotype (Fig. 1B, Supporting  Information Figs S3-S5) .
The finding, that single deletion mutants of blr1 or blr2 or double mutants show increased growth, while the env1 mutant has a growth defect is reminiscent of photoadaptation (Hunt et al., 2010; Malzahn et al., 2010) . In mutants of env1 in combination with one or both blr genes, we observed wild type levels of growth, indicating abolished photoadaptation. Double mutants of sub1 and env1 show the growth pattern of the env1 mutant in light.
In darkness, a double mutant of blr1 and blr2 shows somewhat increased growth, individual mutants of blr1, blr2 or env1 only show minor deviations from wild type growth. Additionally, although neither double mutants of blr1 and blr2 nor the env1 mutant show growth defects, mutants with a combination of deletion of env1 with either or both blr1 and blr2 show decreased growth compared to wild type. Overall the growth patterns on different media were comparable, as were those from constant light and daylight (Fig. 1 , Supporting Information Figs S3-S5).
Loss of ENV1 enhances the function of BLR1 and BLR2, because ENV1 acts as a negative regulator. This function of ENV1 is not influenced by SUB1, as the growth phenotype of Denv1 was not rescued by deletion of sub1. Hence SUB1 obviously targets other, light and photoreceptor independent pathways regulating growth.
SUB1 does not interfere with photoreceptor mediated induction of env1
Due to the reported functions for homologues of both SUB1 and ENV1 in light response and development we were interested whether there is a regulatory interconnection between these two factors in T. reesei and at which stage of the cascade they act.
To confirm the position of SUB1 in the light regulation cascade in T. reesei, we tested whether env1 is regulated by SUB1 by RT-qPCR. No significant regulation of env1 in Dsub1 was detected, hence SUB1 does not regulate env1. Additionally, the decrease of env1 transcript levels to very low levels as caused by lack of photoreceptors (Castellanos et al., 2010; Tisch and Schmoll, 2013) was not rescued or alleviated by deletion of sub1 ( Fig. 2A) . Hence we conclude that SUB1 acts downstream of ENV1 and the photoreceptors BLR1 and BLR2 and that a feedback via SUB1 is unlikely.
In contrast, ENV1 negatively influences sub1 transcription in both mating types and this effect is dependent on the presence of photoreceptors, which do not influence transcript abundance of sub1 individually or in double mutants (Fig. 2B) . Hence BLR1 and BLR2 (likely as a complex) mediate the effect of ENV1 on sub1 transcript levels, but are not responsible for sub1 regulation individually.
SUB1 regulates pks4 and impacts spore pigmentation in dependence of BLR1 and BLR2 Although deletion of sub1 or any of the photoreceptors did not result in altered pigmentation, the absence of sub1 in combination with one or both blue light regulator genes caused a white phenotype (Fig. 3A) . Hence we were interested whether SUB1 regulates the polyketide synthetase responsible for spore pigmentation in a photoreceptor dependent manner. The polyketide synthase pks4 was previously shown to impact the antagonistic abilities of T. reesei against other fungi and to influence production of water soluble compounds. Additionally, pks4 influences expression of several other polyketide synthase encoding genes (Atanasova et al., 2013) .
Interestingly, pks4 showed a strong and mating type dependent regulation by BLR1 and BLR2 (Fig. 3B ). While pks4 was strongly upregulated in Dblr2 in MAT1-1, upregulation in Dblr1 occurred in MAT1-2. Lack of both BLR1 and BLR2 decreased these strong effects to levels only about fivefold above wild type in both mating types (Fig. 3B ). We found that pks4 transcript levels were strongly increased also in mutants lacking env1 in both mating types (Fig. 3C ). In env1 triple mutants with Table 1 ; 1-1 after the strain designation stands for MAT1-1, 1-2 stands for MAT1-2. Growth patterns in daylight and with glucose or malt extract are provided as Supporting Information (Figs S3-S5).
blr1 and blr2 (which form green spores), the extent of upregulation decreased significantly, but resulting in levels still above the blr1 blr2 double mutant (Fig. 3C ). Deletion of sub1 caused upregulation of pks4 (more than fivefold) in both mating types, whereas in triple mutants of sub1 and the photoreceptor genes blr1 and blr2 transcription of pks4 was abolished completely (Fig. 3D ). Hence, both ENV1 and SUB1 exert a negative effect on the regulation of pks4, which is dependent on the presence of BLR1 and BLR2. In the absence of BLR1 and BLR2, sub1 was even essential for transcription of pks4, while individual deletion of blr1 and blr2 led to increased pks4 transcript levels (Fig 3B and D) . This regulatory pattern is in agreement with the white phenotype of sub1-triple mutants ( Fig. 3A and C), in contrast to env1-triple mutants (data not shown), which still show green spore pigmentation and pks4 expression.
Additionally, we tested whether the effect of SUB1 might involve the function of VEL1, which was shown to regulate secondary metabolism in T. reesei (Bazafkan et al., 2015) and other fungi (Calvo et al., 2016) . VEL1 promotes regulation of pks4 by ENV1, but does not regulate pks4 individually (Bazafkan et al., 2017) . A slight positive trend of vel1 transcript levels was observed in A. Regulation of env1 in wild type and strains lacking sub1 or in triple mutants of sub1, blr1 and blr2 in MAT1-1 and MAT1-2 as analyzed by RT-qPCR. B. Regulation of sub1 in wild type and strains lacking env1 or in triple mutants of env1, blr1 and blr2 in MAT1-1 and MAT1-2 as analyzed by RT-qPCR. For abbreviations see Table 1 . Error bars show standard deviations of the means of at least three biological replicates. Different letters indicate statistically significantly different transcript levels.
sub1 deletion mutants (about 20% compared to the wild type). Hence we do not assume that VEL1 is involved in the regulatory circuit of SUB1 in T. reesei (Fig. 3E) . ENV1 shows the expected regulation of vel1 (Fig. 3E ) (Bazafkan et al., 2017) .
BLR1 and BLR2 are responsible for conditional female sterility of Denv1
To determine the position of SUB1 in the light dependent regulation cascade of sexual development, we first analyzed interrelationships of photoreceptors for this process. Deletion of env1 is known to cause female sterility in light, which is attributed to deregulation of the pheromone pathway (Seibel et al., 2012a) . The lack of blr1 and/or blr2 does not cause major defects in sexual development (Chen et al., 2012; Seibel et al., 2012a) .
Analysis of double and triple mutants in different combinations revealed that female fertility is rescued in mutants lacking env1 if either blr1 or blr2 or both are deleted as well: These strains completed sexual development with female sterile strains of both mating types (QM6a MAT1-2 and QFS69 MAT1-1) as well as with other strains lacking env1 and one of the photoreceptors (Fig. 4) . In other words, BLR1 or BLR2 are required for expression of the phenotype conferred by loss of ENV1. Consequently, the altered regulation leading to female sterility caused by deletion of env1 is due to the function of BLR1 and BLR2.
SUB1 is essential for female fertility but not male fertility
Analysis of mating of Dsub1 with wild type strains showed that lack of sub1 does not cause a general A. Phenotypes of strains lacking sub1, blr1 or blr2 or combinations thereof in both mating types. Strains were grown on malt extract medium for 5 days in daylight (12:12 cycles) at room temperature. B. Regulation of pks4 in wild type and strains lacking sub1, blr1 or blr2 or in double mutants of blr1 and blr2 in MAT1-1 and MAT1-2 as analyzed by RT-qPCR. C. Regulation of pks4 in wild type and strains lacking env1 or in triple mutants of env1, blr1 and blr2 in MAT1-1 and MAT1-2 as analyzed by RT-qPCR. D. Regulation of pks4 in wild type and strains lacking sub1 or in triple mutants of sub1, blr1 and blr2 in MAT1-1 and MAT1-2 as analyzed by RT-qPCR. E. Regulation of vel1 in wild type and strains lacking env1 or sub1 in MAT1-1 and MAT1-2 as analyzed by RT-qPCR. For abbreviations see Table 1 . Error bars show standard deviations of the means of at least three biological replicates. Different letters indicate statistically significantly different transcript levels.
Functions of SUB1 in Trichoderma reesei 747 defect in sexual development, ascosporogenesis or a delay in fruiting body formation, albeit ascosporogenesis was somewhat decreased.
To determine the relevance of SUB1 for female fertility we crossed Dsub1 with the female sterile strains QM6a (MAT1-2) and QFS69 (MAT1-1) as well as with the conditional female sterile Denv1. We found that Dsub1 strains could not mate with female sterile strains and hence sub1 is essential for female fertility in light (Fig. 5A) . However, for mating with Denv1 we found a mating type dependent effect. Denv1 MAT1-2 could mate with Dsub1 MAT1-1, but the combination in the other mating types did not form fruiting bodies (Fig. 5A) . Additionally, two compatible Dsub1 strains also did not form fruiting bodies, but in contrast, a cleared zone appeared prior to contact (Fig. 5A, blue arrows) .
As this zone is likely to be due to compounds secreted by the sub1 mutants that might hamper sexual development, especially with Denv1, we modified the method of incubation to limit the amount of metabolites secreted until recognition. Instead of confrontation of the two strains we mixed spores of both mating partners in the same spot on the plate. While this method indeed enabled fruiting body formation with Denv1, crossing of two strains lacking sub1 still failed (Fig. 5B) . Consequently, sub1 is essential for female fertility and the fertility defect of Denv1 is conditional, allowing at least some communication that enables sexual development with Dsub1.
The fact that strains lacking sub1 could still mate with wild type strains indicates that male fertility is not perturbed by this mutation (Fig. 5A) . If female and male fertility would be abolished in Dsub1, no mating would be possible anymore. Male fertility of Dsub1 (MAT1-1) was additionally confirmed using the male sterile mutant strain Dhpp1 MAT1-2, which lacks the MAT1-2 specific peptide pheromone precursor gene (Seibel et al., 2012b) . Crosses with these strains and combinations with photoreceptor mutations resulted in fruiting body formation. Consequently, sub1 is not relevant for male fertility (Fig. 5C ).
SUB1 is part of the light response machinery for regulation of development
Investigating multiple mutants of sub1 with photoreceptors again revealed mating type dependent differences ( Fig. 5A) . The inability of Denv1 to mate with Dsub1 is rescued by deletion of blr2 in MAT1-2. In MAT1-1, only the triple mutant but not the combination of sub1 with blr2 deletion resulted in fruiting body formation with Denv1. However, the inability to form fruiting bodies with either QM6a or QFS69 (both female sterile) of all strains lacking sub1 in any combination with photoreceptors shows that in contrast to the female sterility of Denv1, female sterility of Dsub1 is independent of the presence of blr1 or blr2. Interestingly, the clearing zone that we had observed for Dsub1 crossings was again apparent whenever one of the mating partners lacked sub1, albeit to a lesser extent than with the crossings of two sub1 mutants. 
SUB1 regulates peptide pheromone precursors
The function of SUB1 in sexual development and female fertility led to the question of how the pheromone system is regulated by SUB1 and if correlations to the function of ENV1 can be found.
Under conditions of asexual growth, deletion of sub1 only causes a slightly positive trend in transcript abundance of the MAT1-2 associated peptide pheromone precursor gene hpp1 in MAT1-1, but more than 10-fold increased levels in MAT1-2 (Fig. 6A) . This negative regulation of hpp1 by sub1 is not dependent on the presence of the photoreceptors BLR1 and BLR2, which only have a minor influence on hpp1 levels individually or in a double mutant (Fig. 6A) .
For Denv1, we observed the expected increase in hpp1 transcript levels in both mating types (Fig. 6B) , thereby confirming earlier data (Seibel et al., 2012a) . BLR1 and BLR2 only show minor effects on hpp1 transcript levels compared to the effect of deletion of env1 (Fig. 6A) .
The finding that lack of all three photoreceptors still leads to increased levels of hpp1 compared to wild type makes the involvement of an additional factor in this regulation likely (Fig. 6B ). This hypothesis is also supported by the transcript levels of hpp1 in the Denv1blr1 blr2 triple mutant still being above those of the Dblr1 blr2 double mutants in both mating types ( Fig. 6A and B) . As shown previously, ENV1 acts strongly negatively on the MAT1-2 mating type factor gene mat1-2-1, which is not dependent on BLR1 and BLR2. BLR1 and BLR2 also have a more moderate negative effect on mat1-2-1 (Seibel et al., 2012a) . Since mating type transcription factors are known to regulate peptide pheromone precursor genes (Coppin et al., 1997; Bobrowicz et al., 2002; Debuchy et al., 2010) , the increased transcript levels of hpp1 may be mediated by increased abundance of mat1-2-1 caused by lack of env1, the BLR complex or both. For Dsub1, we found a significant 4.67-fold upregulation for mat1-2-1 compared to wild type (p-value < 0.05). Hence a contribution of mat1-2-1 to the regulatory effects seen for SUB1 can be expected.
For the MAT1-1 associated peptide pheromone precursor gene ppg1 we found somewhat elevated transcript levels caused by lack of SUB1 in MAT1-1, which were dependent on BLR1 and BLR2. For MAT1-2 no significant regulation by SUB1 was detected (Fig. 6C) . The strong upregulation of ppg1 in Denv1 MAT1-1 which is consistent with earlier data (Seibel et al., 2012a) does not occur anymore in a triple mutant with blr1 and blr2, where ppg1 transcript abundance is at wild type levels (Fig. 6D) . This finding supports the hypothesis of a connection of pheromone precursor deregulation with female sterility in Denv1 as put forward previously (Seibel et al., 2012a).
Pheromone communication is altered in Dsub1
These significant alterations in peptide pheromone precursor transcript levels indicate that communication with a potential mating partner is likely to be changed. We, therefore, analyzed pheromone precursor transcript levels under conditions of sexual development and whether these levels changed depending on the mating partner (Fig. 6E) .
Interestingly, Denv1 shows a trend of reaction to Dsub1 as mating partner with 40-60% decreased hpp1 levels in both mating types, which, however, did not reach the threshold for statistical significance (Fig. 6F) . Dsub1 reacts to Denv1 with roughly 10-fold increased hpp1 levels in MAT1-1, and hpp1 levels show a negative trend in MAT1-2 (Fig. 6G) . In crosses of two Dsub1 mutants, hpp1 is unaltered in MAT1-1, but shows a negative trend in MAT1-2 as well (Fig. 6G) .
A tendency for a partner effect for altered transcript levels of ppg1 was observed with decreased ppg1 levels in Denv1 if Dsub1 is the partner compared to WT as partner in MAT1-1, but not in MAT1-2 (Fig. 6H) . Dsub1 did not show any differences in ppg1 transcript levels with Denv1 or Dsub1 as partners (Fig. 6I ).
SUB1 regulates chemical communication on sexual development
In crosses between Dsub1 strains in both mating types, we observed a zone of avoidance between strains and no fruiting body formation (Fig. 5A) . Such a zone may be caused by production of an altered set of secondary metabolites by the mutants, because an effect of SUB1 homologues on secondary metabolism was shown previously in B. cinerea (Schumacher et al., 2014) . This avoidance also occurs with strains bearing combinations of deletions with photoreceptors and if only one of the strains lacked sub1, albeit the effect was less severe. Additionally, the partner effects reflected by altered expression of hpp1 depending on the mating partner on the plate indicate altered chemical communication in Dsub1. Therefore, we were interested whether an increase in a growth inhibiting secreted metabolite can be observed which might cause this clearing zone. We isolated agar plugs from the contact zone of wild type crosses and crosses with Dsub1 (Fig. 7A) and subjected them to high performance thin layer chromatography (HPTLC). This analysis clearly showed an increase in the abundance of at least two compounds if Dsub1 was one of the mating partners and if two Dsub1 strains of Functions of SUB1 in Trichoderma reesei 751 opposite mating type were confronted on the plate (Fig. 7B) . Hence, SUB1 influences chemical communication and secondary metabolism during sexual development.
SUB1 exerts positive and negative regulation on secreted metabolites
The regulation of metabolite production by SUB1 during sexual development prompted us to analyze whether the influence on secondary metabolism extends to other growth conditions as well. Therefore, we tested secondary metabolite production on a minimal medium with glucose as carbon source on plates, in standing liquid cultures at pH 5.0 or without buffer. We found a considerable decrease in abundance of almost all visible secondary metabolites in Dsub1 in both mating types (Fig. 7C) . Consequently, SUB1 not only exerts negative regulation on secondary metabolism as shown during sexual development (Fig. 7B) , but also positively influences metabolite production on minimal medium. Therefore, SUB1 regulates secondary metabolism in T. reesei in dependence of the carbon source and cultivation condition. 
Regulation of secondary metabolite production by SUB1 is light dependent
To complement our data on secondary metabolite production on complex media on sexual development and minimal media on liquid standing cultures or plates with glucose as carbon source, we used liquid shake flask cultures with cellulose as carbon source. We focused on the polyketide trichodimerol (Shirota et al., 1997) , a fungal metabolite with potential anticancer activity (Serwe et al., 2009) and the peptaibol antibiotic paracelsin (Br€ uckner et al., 1984) as model substances. Both metabolites were previously shown to be produced in T. reesei (Br€ uckner et al., 1984; Monroy et al., 2017) . The supernatants of cultures were analyzed with quantitative mass spectrometry for known secreted fungal metabolites. This analysis confirmed the function of SUB1 in that we found positive regulation of production of paracelsin A and paracelsin B in light, but not in darkness ( Fig. 7D and E) and negative regulation of trichodimerol production specifically in darkness, but not in light and (Fig. 7F) . In both cases where SUB1 regulates production of the respective compound, mutants in blue light regulator genes show different regulation patterns than Dsub1. Consequently, SUB1 and these two photoreceptors exert distinct functions in secondary metabolism and the regulatory effect of BLR1 and BLR2 is not mediated by SUB1.
Discussion
The vast literature especially from recent years showed that fungi have an intricate mechanism to switch between sexual and asexual development. However, the signals, which initiate this switch are different and so is the direction of the switch: While some fungi like T. reesei prefer light for sexual development, others only mate in darkness. Special, rather poor media are beneficial to initiate sexual reproduction in many fungi, while T. reesei forms abundant fruiting bodies on complex media like malt extract or potato dextrose agar (Seidl et al., 2009) .
These differences are reflected in the components known to regulate development and light response in different fungi. However, the homologues of the photoreceptors BLR1 and BLR2 are well conserved, as is SUB1. Therefore, we aimed to elucidate their interplay and additionally gain insight into the role of ENV1, which does not have homologues in most Aspergilli.
Interrelationship of SUB1 and the photoreceptors
Our findings suggest that in T. reesei, SUB1 follows a mechanism of cooperation with the BLR complex as also reported for N. crassa (Sancar et al., 2015) and the positive regulation of sub1 by the WCC is in general conserved. Nevertheless, but depending on the process also BLR independent functions were seen (Fig. 8) . complex. SUB1 influences pks4 transcript levels and consequently spore pigmentation in combination with BLR1 and BLR2 and the latter act in a mating type dependent manner. SUB1 and the BLR complex negatively regulate pheromone transcript levels by targeting a positive regulator. The negative influence of SUB1 in mat1-2-1 may contribute to regulation of hpp1. The influence of BLR1 and BLR2 on female fertility is associated with pheromone response, while female sterility of sub1 mutants is not. SUB1 shows nutrient and light dependent regulatory functions on secondary metabolism. Regulation of growth and female fertility by SUB1 are BLR independent. The defects of Denv1 in growth in light and in female fertility are mediated by BLR1 and BLR2.
Functions of SUB1 in Trichoderma reesei 753
While deletion of the B. cinerea sub1 homologue bcltf1 results in severe light correlating growth phenotypes (Schumacher et al., 2014) , this was not the case for T. reesei, albeit somewhat decreased hyphal extension was observed. The growth defect caused by deletion of sub1 was light independent and not alleviated by additional deletion of blr1 or blr2, hence indicating that the effect of SUB1 on growth is independent of the function of BLR1 and BLR2. However, deletion of env1 aggravated the growth defect in sub1 mutants and the effect of ENV1 on growth is, therefore, likely to interfere with the pathway more downstream of that of SUB1. In contrast to the situation with sub1, the growth defect caused by deletion of env1 is dependent on the presence of BLR1 and BLR1, albeit a small residual growth defect is still obvious in the triple mutants (Supporting Information Figs S3-S5) . Our data indicate a somewhat antagonistic effect of ENV1 vs. BLR1 and BLR2 on growth. Consequently, the regulatory effect of ENV1 on growth is dependent on BLR1 and BLR2, but that of SUB1 is not (Fig. 8) . Accordingly, SUB1 does not influence induction of env1 transcription by BLR1 and BLR2. In N. crassa, light induction of the WCC inducible vvd is not influenced by SUB1 (Sancar et al., 2015) , which is in accordance with our data.
Female fertility and the pheromone system
A further characteristic, which is dependent on BLR1 and BLR2 in Denv1, but not in Dsub1 is the effect on female fertility. The female sterile phenotype of Denv1 can be rescued by deletion of blr1 or blr2 or both, but female sterility of Dsub1 remains in the absence of BLR1 and BLR2. Nevertheless, mutants lacking Dsub1Dblr2 and Dsub1Dblr1Dblr2 can mate with Denv1, which does indicate a (mating type dependent) connection or interrelationship between the BLR dependent and independent pathways. Since deletion of env1 leads to the deregulation of the pheromone pathway (Seibel et al., 2012a) and loss of sexual identity, the recognition pathway leading to the block of sexual development is abolished in the triple mutant. Strain Denv1 MAT1-2 strongly expressed hpp1 (Fig. 6B , Seibel et al., 2012a) and this might compensate a defect of strains lacking sub1 in sensing. However, Dsub1Dblr2 MAT1-1 did not cross, while Dsub1 Dblr1 Dblr2 MAT1-1 crossed with Denv1 MAT1-2 (Fig. 5A ). This data points to an individual role of BLR1 in preventing mating, possibly by interfering with HPP1 sensing.
A negative function of BLR1 and BLR2 on pheromone related female fertility can be concluded from this finding. This conclusion is supported by the dependence of female sterility of strains lacking env1 on the presence of BLR1 and BLR2 (Fig. 8) . Triple mutants of sub1 with blr1 and blr2 are, however, still female sterile, because they cannot cross with QM6a or QFS69 (both strains are female sterile). Therefore, the negative effect of BLR1 and BLR2 on female fertility is likely not a general one, but rather limited to pheromone signaling related defects.
With respect to regulation of the pheromone system, a clear relevance of BLR1 and BLR2 as well as SUB1 was obvious. In contrast to the negative effect of ENV1, which is mediated by BLR1 and BLR2 (Fig. 6B) , the effect of SUB1 is BLR independent (Fig. 6A) . This finding would be in agreement with the hypothesis that SUB1 and the BLR complex negatively influence a positively acting regulator (Fig. 8) .
Peptide pheromone precursor genes are regulated by mating type transcription factors (Coppin et al., 1997; Bobrowicz et al., 2002; Debuchy et al., 2010) . Their regulation is mating type specific (Bobrowicz et al., 2002) , albeit the strict mating type dependence is somewhat alleviated in T. reesei (Schmoll et al., 2010b) . The negative regulation of the mating type gene mat1-2-1 by BLR1, BLR2 and ENV1 (Seibel et al., 2012a) indicates that the mating type transcription factors are good candidates for this target regulating pheromone precursor levels. The negative effect of SUB1 on mat1-2-1 is in agreement with this hypothesis.
The increased hpp1 levels in the triple mutant of env1 with blr1 and blr2 in MAT1-1, but decreased hpp1 levels in this mutant in MAT1-2 suggest that in MAT1-1 the functions of ENV1, BLR1 and BLR2 are cumulative, while in MAT1-2 the strong upregulation of hpp1 on lack of ENV1 is due to the presence of photoreceptors. This result suggests that lack of ENV1 influences the function of photoreceptors not at the level of abundance but rather activity, which is in accordance with findings from N. crassa (Chen et al., 2009; Chen et al., 2010) . In other words, in the presence of ENV1, BLR1 and BLR2 do not significantly regulate hpp1, but in the absence of ENV1, BLR1 and BLR2 undergo a modification that leads to a strongly positive effect on hpp1 -likely via the function of mat1-2-1, which is strongly upregulated in Denv1 (Seibel et al., 2012a) .
The alleviated deregulation of hpp1 in triple mutants in contrast to Denv1 is in agreement with the regained female fertility of this mutant compared to deletion of env1 alone (Fig. 4) . This finding further supports the hypothesis that deletion of env1 leads to loss of sexual identity caused by deregulation of the pheromone system. Compared to ENV1, the regulation of pheromone precursor genes by SUB1 is moderate, which is in agreement with its irrelevance for male fertility (Fig. 5C) 
Chemical communication
The formation of a clear zone in crosses for two strains lacking sub1 suggested that the two potential mating partners stopped growth due to specific signals they transmitted. Hence it seemed likely that chemical communication needed for mating is perturbed in these strains. Chemical communication prior to and during sexual development causing adjustment of pheromone regulation is indeed altered in Dsub1 compared to wild type in MAT1-1, if Denv1 is the partner and in MAT1-2 if either Dsub1 or Denv1 is the partner (Fig. 6G) . Accordingly, secondary metabolites secreted into the medium on sexual development are clearly altered with in part strongly increased compounds if Dsub1 is partner in the cross (Fig. 7B) . It can be assumed that SUB1 and ENV1 are part of a regulation network that balances chemical communication and pheromone regulation, which in case of ENV1 involves the function of BLR1 and BLR2. If sub1 or env1 are deleted, sensing of a mating partner causes inappropriate responses that deviate from the dampened system in the wild type. A comparable effect has previously been shown for hpp1 with VEL1, which influences chemical communication during sexual development as well (Bazafkan et al., 2015) . Although SUB1 causes only small alterations in vel1 transcript levels (Fig. 3D) , under conditions of sexual development, ENV1 shows clear negative regulation of vel1 (Bazafkan et al., 2017) . Therefore, the common effects in partner sensing suggest a regulatory network that warrants further investigation.
Concerning secondary metabolism more generally, our findings for regulation of pks4 resulting in spore pigmentation can be explained by a synergistic effect of the BLR complex and SUB1 (Fig. 8) as suggested earlier for N. crassa (Sancar et al., 2015) . In the absence of the negative effect of ENV1, the positive effect of BLR1 and BLR2 would cause strong up regulation of pks4 together with the positive regulation by SUB1. Deletion of blr1 and blr2 in addition to env1 would still leave the positive effect of SUB1, which is, however, somewhat decreased due to the lack of the enhancing effect of BLR1 and BLR2 on sub1. Lack of sub1 and both blr1 and blr2 abolishes induction of pks4.
Conclusions
For N. crassa it was shown that sub-1 is regulated by WC-1 and that SUB-1 regulates light dependent targets (Chen et al., 2009) . However, SUB-1 cannot induce its light inducible target genes without the cooperation of WCC, even if it is overexpressed. Hence, SUB-1 and the WCC are assumed to contribute distinct functions for activation of common target promotors (Sancar et al., 2015) . Accordingly, we found contribution to regulation of several physiological processes by both SUB1 and the BLR complex and their effects are not overlapping, but distinct, hence reflecting integration of different signals. We further observed that the upregulation of pks4, hpp1 and pks1 in Denv1 is dependent on the presence of BLR1 and BLR2, because in a triple mutant this upregulation does not occur or at least to a much lesser extent. Hence the positive effect on transcript levels of pks4, hpp1 and ppg1 in Denv1 must be mediated by BLR1 and BLR2. Moreover, we also studied processes which are influenced, but not exclusively induced by light. Thereby we also found functions for SUB1 that are independent of BLR1 and BLR2. In summary, we did find functions of T. reesei SUB1 that are consistent with those in N. crassa, but in several cases our findings also show a rewiring of the mechanism of the light response machinery in combination with SUB1.
Experimental procedures
Microbial strains and culture conditions T. reesei wild type strain CBS999.97 of both mating types (Seidl et al., 2009) as well as strains lacking photoreceptor strains (Seibel et al., 2012a) were used as parental strains throughout this study (Table 1) . Strains were propagated on 2% (w/v) malt extract agar plates. Unless otherwise noted, sexual crossing was performed at room temperature (20-238C) under daylight conditions on 2% (w/v) malt extract agar as described previously (Schmoll, 2013) for up to 30 days under low ventilation conditions to prevent drying of plates. Crossings with mixed spore solutions as well as preparation of multiple mutants by crossing was performed as described previously (Seibel et al., 2012b) . Analytic crosses were repeated at least twice for confirmation with at least three biological replicates. Mandels Andreotti minimal Medium (Mandels and Andreotti, 1978) supplemented with 1% (w/v) glucose or carboxymethylcellulose (CMC) or malt extract medium (3%) was used for growth assays. Cultivation for transcription analysis was performed as described previously (Bazafkan et al., 2015) .
Construction of deletion strains
For deletion of sub1, a 1006 bp fragment spanning 5' UTR of the gene (using primers pDELsub1_hph_5F and pDELsub1_hph_5R) and a 1054 bp fragment containing 3' UTR (primers pDELsub1_hph_3F and pDELsub1_hph_3R) as well as the hygromycin resistance conferring selection marker were applied for yeast recombinational cloning as described earlier (Colot et al., 2006; Schuster et al., 2012) .
Protoplast transformation of T. reesei CBS 999.97 was performed as described previously (Gruber et al., 1990) . Positive transformants were selected on malt extract agar containing 100 mg/ml hygromycin B (Roth, Karlsruhe, Germany) after three rounds of single spore isolation.
Screening of the transformants for deletion of sub1 was performed using primers ScreenAF1_sub1 and ScreenAR1_sub1, which bind outside of the sequence (upstream and downstream) covered by the deletion cassette, in combination with HPHin1AF and HPHin1AR. This analysis showed correct integration at the desired locus. Primers sub1_RTF1 and sub1_RTR1, which bind within the open reading frame of sub1 were used to confirm deletion.
For construction of multiple mutants, we applied sexual crossing followed by single spore isolation of individual progeny and screening for the expected genotype by PCR as described above or for photoreceptor mutants using primers described earlier. (Seibel et al., 2012a) . For a few combinations (Dsub1Dblr1 in both mating types, Denv1Dblr2 in MAT1-1 and Denv1Dblr1 in MAT1-2) we were not able to obtain viable mutants and hence these strains could not be included in our analyses. Analysis of the inherited deletions in the respective progeny showed that the characteristic phenotypes (Fig. 3A) segregated with the observed deletions, hence confirming that the phenotype is due to the deletion(s) made. Since the neighboring genes of sub1 are separated by more than 9 kb both up-and downstream, no interfering mutations that might segregate during crossing, are expected. Of the progeny with consistent phenotype, we selected one strain for further investigation. Diagnostic PCR was used for determination of mating types of the progeny (Seidl et al., 2009 ).
Nucleic acid manipulation and transcript analysis
For transcript analysis, strains and crossings were inoculated in parallel at subjective noon and also harvested at the same time at subjective noon to avoid an influence of circadian rhythmicity on our results. For crossings, samples were tested for cross-contamination with the other mating partner on the plate as described previously (Seibel et al., 2012b) . Only samples with less than 1% of the opposite mating type were used for further analysis. Total RNA isolation, cDNA synthesis and quality control were done as described previously using the RNAeasy plant mini kit (QIA-GEN, Hilden, Germany) (Tisch et al., 2011) .
The RT-qPCR experiments were performed in compliance with MIQE guidelines (Bustin et al., 2009; Bustin, 2010) . Runs were performed using GoTaqV R qPCR Master Mix (Promega, Madison, WI, USA) and the CFX96 RealTime PCR Detection System (Bio-Rad Laboratories GmbH, Hercules, USA). We tested five different reference genes for stability under the applied assay conditions and in the used mutants: rpl6e encoding the ribosomal protein RPL6e which was previously shown to be unaffected by light condition or light regulators (Tisch et al., 2011) , gapdh encoding glyceraldehyde-3-phosphate dehydrogenase (Fu et al., 2014) , sar1 encoding a small GTPase, tef1 encoding translation elongation factor 1 alpha and act1 encoding actin (Steiger et al., 2010) . geNorm analysis showed that rpl6e, sar1 and act1 would be an optimal combination of reference genes, with two reference genes being sufficient for stability. Therefore, we used rpl6e, sar1 and act1 as reference genes and in some cases only rpl6e and sar1. At least three biological replicates and three technical replicates were considered.
Bioinformatic analyses
Data analysis and the statistical significance assessment of RT-qPCR data were done using the qbase1 software package, which also comprises the geNorm application (Biogazelle, Gent, Belgium) (Hellemans et al., 2007) . The p value cutoff for statistical significance is routinely set to 0.05.
Screening for PEST sequences was done with epestfind (http://emboss.bioinformatics.nl/cgi-bin/emboss/epestfind). Nuclear localization signals were identified with NLStradamus (Nguyen Ba et al., 2009) . Protein motifs and phosphorylation sites were detected with Generunner 3.0. Phylogenetic analysis (minimum evolution analysis) was done with MEGA4.0 and alignments were constructed with Clustal 2.1.
Analysis of secondary metabolites
For secondary metabolite analysis by high performance thin layer chromatography, strains were grown on agar plates of in standing cultures with malt extract medium or Mandels Andreotti minimal medium and 1% (w/v) glucose as carbon source and either buffered (0.1 M phosphate-citrate buffer pH 5.0) or unbuffered. HPTLC was performed essentially as described previously (Bazafkan et al., 2015) , except that chloroform and 1 mM trifluoroacetic acid in methanol was used for separation.
Quantitative analysis and detection for known fungal secondary metabolites was performed as described previously (Malachova et al., 2014) with a QTrap 5500 MS/MS system (Applied Biosystems, Foster City, CA, USA) equipped with a TurboIonSpray electrospray ionization (ESI) source and a 1290 series UHPLC system (Ultra High Performance Liquid Chromatography; Agilent Technologies, Waldbronn, Germany). Using this approach with application of calibration with a serial dilution of a multianalyte stock solution enables detection and quantification of 710 metabolites (Sulyok et al., manuscript in preparation) . The accuracy of this method was verified for major mycotoxins in food and feedstuffs by participation in interlaboratory testing schemes. For quantitative analysis of secondary metabolites strains were grown in liquid Mandels Andreotti medium with 1% (w/v) microcrystalline cellulose as carbon source. Fungal biomass was determined as described previously (Schmoll et al., 2005) . Abundance of secondary metabolite as determined by quantitative mass spectrometry analysis was related to the biomass formed.
Author Contributions HB performed analysis of sexual and asexual development and drafted the first version of the manuscript. HB and SB performed transcript analysis. ES contributed analysis of secondary metabolite patterns by HPTLC, SB and JTO supervised and supported HPTLC analysis, MSu performed mass spectrometry analysis and MSc conceived of the study, contributed to data analysis and interpretation and wrote the final version of the manuscript.
